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I n  t h e  temperature range o f  300' t o  5OO0C bituminous c o a l s  
pas s  through one o r  more p l a s t i c  s t a g e s ,  bu t  a f t e r  each occur- 
rence continued h e a t i n g  causes s o l i d i f i c a t i o n  (1). I n  t h e  d i r e c t  
l i q u e f a c t i o n  of c o a l s  o r  p rocess ing  o f  coa l -der ived  l i q u i d s  a t  
p y r o l y t i c  tempera tures  c a t a l y t i c  s u r f a c e s  become fouled wi th  
carbonaceous d e p o s i t s  (2 ,3,4) .  I n  j e t  f u e l s  the presence o f  he t -  
e rocyc l i c  a r o m a t i c  compounds con ta in ing  n i t rogen  i n  the  r i n g s  
causes  sludge t o  f o r m  ( 5 ) .  Carbazoles and r e l a t e d  compounds 
tend t o  f o r m  carbonaceous e l e c t r o d e  d e p o s i t s  a t  anodes i n  e l ec -  
t rochemica l  c e l l s .  

Each of t h e s e  e f f e c t s  is caused by an inc rease  i n  molecular 
weight which might a r i s e  f r o m  a number o f  d i f f e r e n t  chemical r e -  
a c t i o n s .  However, i n  t hese  s p e c i f i c  ox ida t ion- reduct ion  r e a c t i o n s  
a favored o x i d a t i o n  h a l f  r e a c t i o n  i s  the  oxidat ive coupling o f  
a r o m a t i c  r i n g  s t r u c t u r e s .  The f i r s t  c l u e  t o  the ope ra t ion  of 
a r o m a t i c  ox ida t ive  coupling as a rou te  t o  products  o f  h ighe r  mol-  
e c u l a r  weight and lower s o l u b i l i t y  r e s u l t e d  from the  observa t ion  
o f  e l e c t r o d e  f i l m  formation on anodes when coa l -der ived  l i q u i d s  
were being examined e l ec t rochemica l ly  ( 6 ) .  

EXPERIMENTAL 

The e l e c t r o d e  f i lms  formed by anthracene o i l  and SRC-I1 
type product o i l s  der ived  f r o m  B l a c k s v i l l e  No. 9 c o a l  were s tud-  
i e d  by means of c y c l i c  voltammetry and double p o t e n t i a l  s t e p  
chronoamperometry. A Pr ince ton  Applied Research Model 170 Elec- 
t rochemis t ry  System was employed. The e l e c t r o l y t e  w a s  t e t r a b u t y l  
ammonium f l u o r o b o r a t e ,  and so lven t s  were a c e t o n i t r i l e  f o r  the 
anthracene o i l  and t e t r ahydro fu ran  f o r  SRC-I1 type product  o i l s .  

DISCUSSION 

Anthracene o i l  and many samples o f  SRC-I1 type product o i l  
f r o m  t h e  1000 pound p e r  day p i l o t  p l a n t  a t  P i t t s b u r g h  Energy 
Technology Center  ( P E E )  were examined e l ec t rochemica l ly  and 
found t o  f o r m  e l e c t r o d e  d e p o s i t s  under oxidizing cond i t ions .  
Successive voltammetric t r a c e s  show the  i n s u l a t i n g  e f f e c t  o f  the  
f i l m  depos i ted  by an thracene  o i l  (Figure l a ) .  Progress ive  chang- 
ing of t h e  swi tch ing  p o t e n t i a l  toward more cathodic  p o t e n t i a l s  
shows a decrease (F igu re  lb) and e l imina t ion  (Figure IC)  of the 
f i l m - f  orming tendency, 
3 
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In a d i f f e r e n t  experiment t h e  i n i t i a l  p o t e n t i a l  o f  an SRC-I1 
type s o l u t e  was held a t  +1.000 v o l t  f o r  d i f f e r e n t  l eng ths  o f  
t i m e ,  and the  r e s u l t i n g  f i l m s  were reduced i n  the voltammetric 
scan toward more cathodic  p o t e n t i a l s .  The peak he igh t s  r e f l e c t  
the c u r r e n t s  used t o  reduce the f i l m s  formed by ox ida t ion  a t  
+1.000 v o l t .  A l i n e a r  v a r i a t i o n  i n  peak he igh t  w i th  time i s  
shown (Figure 2 ) .  I n  these  samples the  f i l m s  a r e  much more r e -  
ac t ive  than  those formed f r o m  anthracene o i l .  

The f i l m s  formed on anodes proves the r e a c t i o n  t o  be an 
oxidat ion.  The formation of e l e c t r o d e  f i l m s ,  which, depending on 
cond i t ions ,  va r i ed  from s o f t ,  brown, and so lub le  t o  hard,  g l o s s y ,  
b l ack ,  and inso lub le  i n  p y r i d i n e ,  proves an inc rease  i n  molecular 
weight. The presence of r e a c t i v e  aromatic s t r u c t u r e s  i n  c o a l s  and 
coa l -der ived  l i q u i d s  ( 7 )  suggests  the ope ra t ion  o f  the aromatic 
oxidat ive coupling r e a c t i o n .  Table I comprises a l i s t  o f  s e l e c t e d  
compounds t h a t  undergo ox ida t ive  coupling. 

anthracene,  C H aromatic ox ida t ive  coupling proceeds by way 
o f  a r a d i c a l  E2t2811 intermediate .  
Oxidations: 

A s  r epor t ed  by Dworkin and o t h e r s ( 8 )  and i l l u s t r a t e d  wi th  

C14H10 - C14H10 + e- 
Cl4HlO + Cl4HI0 -+- C28H10 + 2H' + 2e- 

C14H10 + 2H+ + 2e- --t C14H12 
Net Reaction: 

3C14H10 - C28H18 + '1bH12 
Many common reagen t s  and c a t a l y s t s  cause r a d i c a l  c a t i o n  formation 
which i n i t i a t e  aromatic oxidat ive coupling. These include H SO 
( 9 , l O )  , ox id i z ing  a e n t s  i n  a c i d i c  media ( 9 , 1 1 , 1 2 , 1 3 ) ~  Lewis &i$s 
(14-261, halogens 727'1, Ag(C10 and iod ine  ( 2 8 , 2 9 ) ,  and meta l  
salts (30 ,31 ) .  Free r a d i c a l  c a t i o n s  a r e  a l s o  formed by such s o l i d  
c a t a l y t i c  su r faces  as gamma-alumina ( 3 2 ) ,  s i l i c a  alumina ( 3 3 ) ,  
and z e o l i t e s  (34).  They may a l s o  be genera ted  by pho to ion iza t ion  
(35,36,37)  and e lec t rochemica l  ox ida t ion (38) .  Both r a d i c a l  cat- 
ions and r a d i c a l  anions were genera ted  a t  P E E  by e l e c t r o l y s i s  
o f  SRC-I1 type s o l u t e s  i n  an ESR c a v i t y  ( 3 9 ) .  

I n  suppor t  o f  t h i s  information Ross  and Bless ing  r e p o r t ,  
" I n  the absence o f  an H-donor, t hen ,  ox ida t ive  c r o s s l i n k i n g  t akes  
p l ace  wi th in  the c o a l  upon hea t ing ,  y i e l d i n g  a product even l e s s  
so lub le  i n  so lven t s  such as pyridine than w a s  the  s t a r t i n g  coal"  
(40). Others have r epor t ed  the same behavior ( 4 1 , 4 2 ) .  Thus, one 
may conclude t h a t  Lewis a c i d s  cause ox ida t ive  hydrogen t r a n s f e r  
from hydrogen donors o r  oxidat ive polymer iza t ion  through a 
sequence of coupling r eac t ions .  Other r a d i c a l  c a t i o n  forming 
c a t a l y s t s  and r eagen t s  may be expected t o  behave s i m i l a r l y .  

Reduction : 

CONCLUSIONS 

Aromatic s t r u c t u r e s  may polymerize by a s tepwise,  oxida- 
t i v e  coupling r e a c t i o n ,  i n i t i a t e d  by formation of r a d i c a l  c a t -  
ions.  Common reagents  and c a t a l y s t s  cause r a d i c a l  c a t i o n s  
t o  f o r m .  
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Table I 

Compounds Susceptible to Oxidative Coupling 
compounds References 

Benzene 43 
p - Xylene 44 
Mesitylene 44 
Durene 44 
Phenolic Tetrahydro- 
isoquinolines 45 46 47 
Catechol Ethers 48 

Compounds 
Triphenylamines 4.9 50 51 
Anilines 52 
Carbazoles 53 154 
Iminobibenzyls 55 
o-Phenylenedianine 56 
Dibenzothiophene , 57 

1.ov 

Figure 2. Effect of Film 
Formation on Voltammo- 
-gram of SRC-I1 Type 
Liquids. 

Figure 1. Effect of Film Formation 
on Voltammograms of Anthracene Oil. 
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